INTRODUCTION
The complex flow field of the submarine hull-sail interaction represents a difficult hydrodynamics problem which can be divided into four separate regions.
The All four regions contain complex fluid flow patterns in which streamwise vortices and viscous effects play major roles.
In the case of the submarine appendage problem, the generation of the horseshoe vortex in the sail leading edge and hull corner region and the subsequent development of the streamwise vorticity as it proceeds downstream have major effects in determining hull drag, wake development, and possible acoustic sources. In addition, this strong streamwise vorticity could impinge upon the propeller and influence the propeller performance. Clearly, a technique for predicting this complex flow field would be a major asset in understanding submarine hydrodynamics as well as a benefit to the design process.
In developing an analysis for this problem, several possibilities of varying complexity can be considered. These include semi-empirical analyses, inviscid analyses with viscous corrections and three-dimensional viscous analyses.
Based upon an understanding of the flow field it appears that, in general, semi-empirical analyses cannot be used with confidence for this problem. The strong role played both by viscous effects and three-dimensional 
It follows that since i * U = 0, then U lies entirely within transverse n s s coordinate surfaces. Equation (3) is a general form permitting both rotational and irrotational secondary flows and will lead to governing equations which may be solved as an initial-boundary value problem. The overall velocity decomposition (I) can be written
Surface Potential Equations
Equations relating € and * with Up, p, and the secondary vorticity component, Qn, can be derived using Eq. (5) as follows: From continuity,
and from the definition of the vorticity, Qn, based on the secondary flow within the transverse surfaces
Since the last term in each of Eqs. (6) and (7) is zero by vector identity, Eqs. (6) and (7) can be written as
Note that the last term in Eq. (9) is identically zero in a coordinate system for which i and i have the same direction, and would be small if i and 1 
The divergence of this vector can be written as a Poisson equation for the pressure P at each transverse surface:
where P 1 is the imposed pressure, Pc is a viscous correction to the pressure field and x, and x 2 are coordinates in the i l and i2 directions, respectively. Equation (13) 
where Gn is the normal component of
and C is a collection of curvature terms arising from changes in orientation of the transverse surface as a function of streamwise coordinate.
Governing System of Equations
A complete system of five coupled equations governing Up, Sn, 4, 4, and P is given by Eqs. (8), (9), (10), (14) and (13). Ancillary relation Eq. In selecting boundary conditions for the secondary flow subsystem, care must be taken to ensure that the final secondary velocity satisfies the no-slip condition accurately. Zero normal derivatives of are specified in the scalar potential equation, and this boundary condition corresponds to zero normal velocity. It is not possible to simultaneously specify the tangential -7-velocity, however, and thus the 4-contribution to the secondary velocity will have a nonzero tangential (slip) component, denoted vt, at solid boundaries.
In the coupled vorticity and vector-potential equatiuns, both normal and tangential velocity components can be specified as boundary conditions, since these equations are solved as a coupled system. By choosing (a) zero normal velocity, and (b) -vt as the *-contribution to the tangential velocity, the slip velocity vt arising from the $ calculation is cancelled, and the composite secondary flow velocity including both $ and 4 contributions will satisfy the no-slip condition exactly.
A summary of the overall algorithm used to advance the solution a single axial step follows. It is assumed that the solution is known at the n-level xn and is desired at xn+l.
(I) The imposed streamwise pressure gradient distribution is determined from an a priori inviscid potential flow.
(2) The momentum equation is solved using an iterative scalar ADI scheme to determine u n + l.
(3) Using values now available for un+l, the scalar potential equation (8) is solved using an iterative scalar ADI scheme to obtain 4 n+l.
This ensures that the continuity equation is satisfied.
(4) The equations for vorticity (14) and vector potential (9) form a coupled system for Qn+l and n+l, which is solved as a coupled system using an iterative LBI scheme. (6) Using the computed velocity field, the transverse pressure field is computed from Eq. (13) by an iterative scalar ADI scheme.
Boundary Conditions for the Hull-Sail Flow Computations
The hull surface and the sail surface are no-slip walls. On these boundaries the no-slip condition was satisfied by setting the normal gradient of the scalar potential (the normal velocity) to zero. In the coupled vector potential and vorticity equations the normal component of the rotational velocity was set to zero and the tangential component was set equal and opposite to the tangential component of the velocity generated by the scalar potential. These conditi-ns allowed an implicit specification of the vector -8-potential and the vortLcity on the no-slip boundary, as discussed above in the summary of the algorithm. The resultant secondary velocity field satisfies the no-slip conditions on the boundary. The streamwise velociry was also set to zero at the solid boundary.
Far field conditions were specified on the other two boundaries. The streamwise velocity was extrapolated from the interior flow field. The scalar potential was set to a constant so that the tangential component of the irrotational velocity was zero. This condition allowed outflow through the boundary due to the displacement effect of the boundary layers. The vector potential was set to zero so that the normal component of the rotational velocity is zero. The streamwise vorticity was set to zero.
Initial Vortex Specification
Bull and sail boundary layer thicknesses are specified.
Outside these boundary layers the streamwise velocity is set to unity. Within the boundary layers, the velocity profiles corresponding to flat plate boundary layers at the appropriate Reynolds numbers are used. As in Reference 2, near the hull-sail corner, where the two boundary layers merge, an effective boundary layer is approximated at a point in the flow from: 
